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Microstructure-dependent DC set switching behaviors
of Ge–Sb–Te-based phase-change random access
memory devices accessed by in situ TEM
Kyungjoon Baek1, Kyung Song1, Sung Kyu Son2, Jang Won Oh2, Seung-Joon Jeon2, Won Kim2,
Ho Joung Kim2 and Sang Ho Oh1
Phase-change random access memory (PCRAM) is one of the most promising nonvolatile memory devices. However, inability to
secure consistent and reliable switching operations in nanometer-scale programing volumes limits its practical use for high-
density applications. Here, we report in situ transmission electron microscopy investigation of the DC set switching of Ge–Sb–Te
(GST)-based vertical PCRAM cells. We demonstrate that the microstructure of GST, particularly the passive component
surrounding the dome-shaped active switching volume, plays a critical role in determining the local temperature distribution and
is therefore responsible for inconsistent cell-to-cell switching behaviors. As demonstrated by a PCRAM cell with a highly
crystallized GST matrix, the excessive Joule heat can cause melting and evaporation of the switching volume, resulting in device
failure. The failure occurred via two-step void formation due to accelerated phase separation in the molten GST by the polarity-
dependent atomic migration of constituent elements. The presented real-time observations contribute to the understanding of
inconsistent switching and premature failure of GST-based PCRAM cells and can guide future design of reliable PCRAM.
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INTRODUCTION
Phase-change random access memory (PCRAM) devices store and
erase information by utilizing a large resistivity difference between the
crystalline and amorphous states of chalcogenide materials.1 Among
various chalcogenide materials, the Ge–Sb–Te (GST) alloy system is
currently considered the most promising candidate material for
PCRAM owing to its fast and reversible phase-transition capability,
in both the amorphous-to-crystalline (set) and the reverse crystalline-
to-amorphous (reset) switching.2,3 Moreover, the set switching of GST
occurs through an abrupt increase in the current density at a critical
electric ﬁeld, which is known as threshold switching.1,4 The threshold
switching provides local Joule heat and thereby facilitates the crystal-
lization process at a relatively low electric ﬁeld, ranging from 30 to
50 V μm− 1.5,6
Many modern PCRAM cell designs adopt a nanometer-scale
hemispherical or cylindrical shape for programing volume to increase
the cell density and reduce the operation power.7 In such device
structures, only a portion of the programing volume makes direct
contact with a heater electrode, and the other sides are surrounded by
passive GST that remains in the crystalline state and acts as an
electrical conductivity path during the set and reset switching. One of
the critical reliability issues related to these cell structures is the
compositional change, or phase separation, caused by electric ﬁeld-
induced atomic migration.8 For example, previous studies showed that
atomic migration in the molten state of GST is driven by electrostatic
forces, resulting in phase separation into a Ge-Sb-rich phase and a Te-
rich phase due to the different ionicity of each element.9 The passive
GST component adjacent to the active switching volume is also under
the inﬂuence of signiﬁcant Joule heat and the wind force exerted by
charge carriers, which potentially causes microstructural or composi-
tional changes during the switching operation.8,10 A recent study
reported that different crystallinity of passive GST component results
in different switching behaviors.10
To date, major efforts in PCRAM research have been focused on
scalability,11–13 endurance,13 resistance drift,14,15 switching speeds and
the discovery of new materials.16 In the case of GST-based PCRAM,
the critical issue involves the reliable and durable switching operation
of nanometer-scale switching volumes. The inconsistent cell-to-cell
switching, material degradation or permanent device failure induced
by phase separation in practical PCRAM cells have continuously
motivated the need for direct and correlated investigation of the
structural transition and electrical switching of individual cells.10
However, most previous studies have reported only the microstruc-
tural and compositional changes that occur after switching, which
provide only snapshots of the ﬁnal states and do not offer a
meaningful correlation between electrical switching and structural
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transitions. In situ switching experiment in a transmission electron
microscope (TEM) is able to provide a unique solution to this task.
However, most in situ TEM experiments have been carried out using
model structures, for example, suspended bridge or free-standing wire
forms of GST.10,17,18 Although useful, the information obtained from
such experiments is not directly applicable to the practical design of
PCRAM cells, as the actual current density and associated Joule heat in
a conﬁned cell geometry is quite different.
In the present in situ TEM study, we directly observed the
amorphous-to-crystalline phase transition of GST-based PCRAM cells
by applying DC voltages. Although the pulse driven switching is more
relevant to understanding what happens during the working condi-
tions of PCRAM devices, it is challenging to investigate detailed
structural changes because of the limited time resolution of conven-
tional TEM charge-coupled device cameras (typically 25 fps or 0.04 s).
On the other hand, the microstructural changes associated with
switching can be observed in greater detail in DC mode, which is
the primary focus of the present work. The results show that the initial
microstructure of the passive GST component controls the extent of
heat conﬁnement in the nanometer-scale switching volume, or the
heat dissipated out into the matrix, and thereby critically affects the
kinetics of amorphous-to-crystalline phase transitions. Furthermore,
the excessive Joule heat induced in the active switching volume
surrounded by a highly crystallized GST matrix results in device
failure, which was found to occur in a two-step void formation
because of the phase separation induced by atomic migration of
constituent elements in the molten state of GST.8 The present results
demonstrate that the microstructure of passive GST component is an
important parameter that requires precise control during the switching
operation of PCRAM devices.
MATERIALS AND METHODS
Materials
Conventional vertical PCRAM cells operated with a dome-shaped programing
volume with the base diameter of ~ 50 nm were fabricated using a keyhole
process followed by deposition/patterning and standard back end-of-line
processes.19 A 100-nm-thick GST thin ﬁlm was deposited at 473 K by
sputtering. The initial state of the as-deposited GST ﬁlms was amorphous.
During the post-growth processes, the ﬁlm typically undergoes crystallization as
the temperature increases up to 623 K, which is well beyond the crystallization
temperature of GST. After the growth and patterning of all constituent layers,
the active switching volume was formed into a dome shape by applying a reset
pulse (1.5 V, 200 ns square pulse with a falling edge of 20 ns). To ensure that
the active volume remained in the fully amorphous state, the same reset pulse
was applied again to the PCRAM cells before TEM sample preparation.
Methods
Cross-sectional TEM samples were prepared using a focused ion beam (FIB,
Helios NanoLab 450S, FEI Inc., Hillsboro, OR, USA) lift-off technique. The
PCRAM cells investigated in the present study were all prepared from the same
wafer. The TEM samples were thinned to ~ 100 nm to ensure that the dome-
shaped programmed volume was securely contained within the TEM samples.
The FIB process parameters were optimized to minimize possible sources of
leakage current and open failure of metal electrodes in TEM samples when an
electrical bias is applied. Most importantly, to minimize surface damage
induced by the high-energy Ga+ ion beam, the Ga+ ion beam energy was
decreased from 30 to 10 keV during the successive FIB milling stages. Then, for
the ﬁnal milling, a low-energy Ga+ ion beam was used at 1 keV to remove the
surface damage layers. Before in situ TEM experiments, the electrical circuit of
TEM samples was tested using the nanoprobing system in a secondary electron
microscope. This technique can easily screen out the TEM samples that have
potential leakage or open failure sources.20
For in situ TEM switching experiments, the Pt-Ir probe installed in the TEM
holder (STM-TEM holder, Nanofactory Inc., Gothenburg, Sweden) was put
into direct contact with the W top electrode (refer to Figure 1). The TiN
bottom electrode that serves as the local heater was connected to an electrically
grounded Cu support grid via the W plug. The set switching of PCRAM was
driven by applying a DC voltage from 0 to 1.5 V at a constant ramping rate of
10mV s− 1. The DC current was measured at a sampling rate of ~ 20 s− 1
during the observation of microstructural changes in real-time (25 fps). The
measured I–V curves were correlated with the simultaneously recorded real-
time TEM movies and used to evaluate the characteristic switching behaviors of
individual PCRAM cells. In situ TEM experiments were carried out using a
ﬁeld-emission TEM (JEM-2100F, JEOL Ltd., Tokyo, Japan) operated at 200 kV.
The diffraction contrast in conventional bright-ﬁeld TEM mode was used to
observe the detailed switching process.
Characterization
To calculate the temperature distribution in a PCRAM cell during the DC set
switching, ﬁnite element modeling (FEM) was carried out using COMSOL
Multiphysics (COMSOL Inc., Burlington, MA, USA). In general, the tempera-
ture distribution in a device is determined by local Joule heat generated by the
current ﬂowing along a conducting substance and its conduction to surround-
ing materials. The temperature distribution is calculated by solving the
following heat conduction equation:
j2
s
þ,?k,T ¼ rCp∂T∂t : ð1Þ
Here, Cp is the speciﬁc heat, ρ is the density, t is the time, T is the temperature,
k is the thermal conductivity, σ is the electrical conductivity and j is the current
density. The cell geometry constructed for FEM is detailed in Figure 2a, and the
material properties are summarized in Table 1.21–23 According to Equation (1),
the amount of heat generated within the switching volume of PCRAM is
predominantly determined by the actual σ and k values of GST. Although the k
value of GST shows a relatively small variation, in the range of 0.2–0.5
Wm− 1K− 1,21 the σ value varies drastically with the crystallinity of GST,
varying from 0.5 to 2770 Sm− 1.21 Thus, the crystallinity-dependent electrical
conductivity, σ, of GST is the major factor that determines the temperature
distribution and the maximum temperature (Tmax) in the active switching
volume.
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Figure 1 Cross-sectional transmission electron microscope sample of a
vertical phase-change random access memory cell prepared for in situ
switching. The W plug connected to the TiN heater (highlighted in red) is
grounded through attachment to the Cu support grid. A Pt–Ir tip makes
electrical contact with the W top electrode contact, constructing an
electrical circuit for the application of DC voltage. The TiN heater is
surrounded by a thermal/electrical insulator (Si3N4, highlighted in yellow).
The active switching volume (hemispherical volume) is outlined by a white
dotted line.
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We applied Equation (1) to PCRAM cells that are switched to the set state at
the DC voltage of 1.4 V. Under this condition, the switching volume can be
treated as in the crystalline state. Then, the GST matrix crystallinity (f) was
selected as an adjustable structural parameter to account for varied cell
crystallinity;24,25 for fully amorphous and crystalline states, f corresponds to 0
and 1, respectively, and for an intermediate state, f ranges between 0 and 1. The
k and σ values of GST vary in proportion to f, according to the following:
s f ;sa;scð Þ ¼ 1
4
2sp  sp 0 þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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; ð2Þ
with σp= (1–f)σa+fσc and σ′p= fσa+(1–f)σc. σa and σc are the electrical
conductivities of bulk amorphous and crystalline phases, respectively.24 This
relationship is based on the random conﬁgurations of spherical crystalline
clusters, such as the Bruggeman-type effective medium,25 and this approxima-
tion is also applied to the thermal conductivity, k. Typical values of σ and k with
varied degrees of f adopted in the FEM are summarized in Table 1. The model
cell structures with various f values, that is, the different degrees of GST matrix
crystallinity, are schematically presented in Figure 2b. The temperature and
voltage were initially set to 298 K and 0 V, respectively. The top surface of the
W top electrode and the bottom surface of the W plug were ﬁxed at 298 K, and
DC voltage was applied to the former while the latter was electrically grounded.
All other exterior surfaces were set as thermally and electrically insulating.
RESULTS AND DISCUSSION
Figure 1 shows the cross-sectional TEM image of a PCRAM device
prepared for set switching in TEM. The schematic representation
illustrates the DC voltage application to the active switching volume
through the Pt–Ir probe. Each cross-sectional TEM specimen contains
a series of PCRAM cells, of which only the center cell, highlighted in
yellow (for Si3N4) and red (TiN heater), is connected to the W plug
and thus switchable. Given that the active switching volume (outlined
by white dotted line in the Figure 1 inset) was initially at the reset
state, the DC current ﬂowing through the entire circuit is limited by
the amorphous GST of the switching volume. The reset resistance of
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Figure 2 Finite element modeling calculation of temperature distribution in the active switching region at 1.4 V during memory swathing. (a) Schematic
representation of model device structure. The dimension of the W and TiN top electrode are 500×120×100 nm3 and 500×120×60 nm3, respectively. The
Ge–Sb–Te layer dimensions are 500×120×90 nm3, in which the switching volume is deﬁned as a hemisphere with the base radius of 50 nm over TiN
heater. The TiN heater has a cylindrical shape with a radius of 15 nm and a height of 80 nm. The W plug is located just below the TiN heater, which has a
cylindrical shape with a radius of 40 nm and a height of 200 nm. The TiN heater and the W plug are surrounded by SiO2. (b) Schematic illustration of
phase-change random access memory cells with different degrees of crystallinity (f). In the simulation, the active switching volume was treated as a
crystalline phase (i.e., f=1) whereas the matrix crystallinity was varied from 1 to 0.4. Other material parameters used for the simulation are given in Table 1.
(c) Temperature maps with varied f values. (d) Temperature proﬁle across the programing volume of each cell with different f values (along a white dotted
arrow in c). The crystallization temperature (Tg=428K) and the melting point (Tm=894 K) of Ge–Sb–Te are indicated in the plot. The interface offset
distance of Tmax from the TiN heater is indicated by a black arrow.
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all PCRAM cells was in the similar order of magnitude (10MΩ), as
the example shown in Figure 3.
Ideally, the DC set switching of standard PCRAM cells of the
current design occurs through an abrupt increase in the current
density with the onset of threshold switching at the critical voltage of
~ 1.3 V, which provides local Joule heat that crystallizes the amor-
phous switching volume in the memory-switching regime. However,
the switching behaviors of individual cells on the same wafer were
often different from cell to cell, and some of them showed an early
failure, which we refer to as inconsistent switching. Here, we focus on
the switching behaviors of two types of PCRAM cells, one representing
normal cells that show a clear threshold switching and subsequent
stable memory switching (cell A, shown in Figure 4a) and the other
exhibiting direct memory switching without threshold switching and
an early failure at the voltages where a normal cell would exhibit stable
memory switching (cell B, shown in Figure 4b).
When the initial microstructures of cells A and B are compared,
there is no notable difference in the active switching region. However,
the microstructure of the passive GST component surrounding the
active switching volume is greatly different between the two cells;
while the cell A matrix consists of small grains exhibiting relatively
weak diffraction contrast in the TEM image (Figure 4a), cell B
contained well-crystallized coarse grains exhibiting strong diffraction
contrast (Figure 4b). Here the ‘matrix’ is referred to as the region
surrounding the active switching volume boundary to about 50 nm,
which is usually subjected to microstructural changes due to heat
conduction from the switching volume. The crystallization of GST
matrix takes place during both the post-growth processes and the set
and reset switching, as shown in Figure 3, as a result of local
conduction of Joule heat toward the matrix. These heat effects vary
from cell to cell and are almost impossible to control precisely on a
cell basis. Thus, the GST matrix microstructure and crystallinity differs
slightly in different cells, which we consider one possible cause of
inconsistent switching. In the case of cell B, we postulate that the local
thermal input is larger than average, which results in the formation of
large grains in the GST matrix. We used the grain size as a quantitative
measure of the crystallinity of GST matrix. Figure 4c shows the
distribution of grain size in cells A and B, which was measured from
TEM images. The average grain sizes of cells A and B were measured
at 12.27 and 16.28 nm, respectively.
Hereafter we focus on the microstructural evolution of cells A and B
during DC set switching. The microstructural evolution of the active
switching region of cell A was characterized in correlation with the
log-plotted I–V curve and summarized in Figure 5 (see Supplementary
Movie 1). The I–V curve can be divided into three regimes: (1)
amorphous-off; (2) threshold switching and; (3) memory switching
(Figures 5a and b). In the amorphous-off regime, the current
remained as low as 0.1mA, and no structural changes were observed
in the corresponding TEM images, for example, Figure 5c. The
amorphous-off regime is divided into two sub-regimes which show
different voltage-dependency of current, that is, lnIp
ﬃﬃﬃﬃ
V
p
from 0 to
0.4 V, and then lnIpV from 0.4 to 1.15 V. The observed current–
voltage dependencies can be attributed to the typical conduction
behaviors of amorphous GST, which follows the Poole–Frenkel
conduction mechanism.26
With the onset of threshold switching in cell A, the DC current
increases steeply at ~ 1.15 V. While the current increased linearly as a
whole, it showed repeated drops during threshold switching. However,
the microstructure of the switching volume remained almost the same
as the initial amorphous state without noticeable changes (Figure 5d).
It was only after the onset of memory switching at 1.4 V, when the
nucleation of crystalline phase is discernible in the TEM diffraction
contrast (indicated by red arrow in Figure 5e). The memory switching
is distinguished clearly by a change in the slope of the I–V curve in
Figure 5b and the concurrent appearance of nanometer-sized crystal-
line phases at ~ 1.4 V in Figure 5e.
Regarding the threshold switching mechanism, the present results
cannot unambiguously resolve the controversy between two compet-
ing models,27 that is, the formation of conductive crystalline
ﬁlaments28 or an accelerated electrical transition via trap levels.29
The detection of conductive ﬁlaments by TEM is very challenging in
such an embedded cell geometry because of the two-dimensional
projection nature of TEM images. Considering the spatial resolution
(δ) of TEM diffraction contrast imaging, δ≈0.61λ/α= 0.8 nm, where λ
and α are the wavelength (0.00251 nm) and the convergent angle
(3.125mrad) of the electron beam, respectively, critical nuclei or
conductive ﬁlaments are in principle detectable (the radius of a critical
nucleus is typically 1–3 nm30,31). However, the two-dimensional
projection nature of TEM imaging limits the smallest detectable size
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Figure 3 Change of the cell resistance and microstructure of a phase-change
random access memory cell during DC set switching in transmission electron
microscope. Note that the Ge–Sb–Te matrix surrounding the active switching
volume is subject to structural changes while the switching volume
undergoes set switching by an amorphous-to-crystalline phase transition. The
cell resistance was changed by approximately three orders of magnitude as a
result of set switching. The active switching volume is outlined by a white
dotted line.
Table 1 Electrical (σ) and thermal (k) conductivity of the materials
used in FEM
Materials
Electrical conductivity, σ
(Sm−1)
Thermal conductivity, k
(Wm−1K−1)
SiO2 1×10−7 1.4
W 6×106 174
TiN 1×106 13
GST (f=0.0) 0.5 0.2
GST (f=0.2) 1.25 0.24
GST (f=0.4) 279 0.29
GST (f=0.6) 1108 0.36
GST (f=0.8) 1939 0.42
GST (f=1.0) 2770 0.5
Abbreviations: FEM, ﬁnite element modeling; GST, Ge–Sb–Te.
In case of GST, σ and k varies from 0.5 to 2770 and from 0.2 to 0.5, respectively, depending
on the crystallinity. f is deﬁned to take different GST crystallinities into account.25 For example,
f for fully amorphous and crystalline states corresponds to 0 and 1, respectively, and for an
intermediate state f ranges between 0 and 1.
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of crystals embedded within TEM samples of ~ 100 nm to ~ 6 nm
thickness.
In the memory-switching regime, nucleation and growth of the
crystalline phase was detected not only in the programmable volume
but also in the surrounding GST matrix (arrows in Figures 5e–g),
indicating that the heat-affected zone is extended beyond the switching
volume. Using high-resolution TEM (HRTEM), we conﬁrmed that the
dark contrast detected in the conventional TEM images is indeed the
crystalline phase of GST. Figure 6 shows a HRTEM image and fast
Fourier transformation pattern of one of the crystalline phases. The
measured d-spacing of the lattice fringes (region b in Figure 6a and
Figure 6b) is ~ 0.30 nm, which corresponds to the (200) plane spacing
of the face-centered cubic phase of GST.32,33 The neighboring GST
matrix also revealed the lattice fringes and corresponding diffraction
spots in the fast Fourier transformation (region c in Figure 6a and
Figure 6c), but the contrast was relatively weak.
To avoid electron beam irradiation effects, the current density of the
200 kV-electron beam was kept as low as 0.3 nA μm− 2 (equivalent to
the electron dose rate of 2.2 × 103 electrons μm− 2s− 1) throughout the
in situ TEM experiments. In addition, to ensure that the surrounding
matrix changes were not caused by electron beam irradiation,34 we
performed control DC switching experiments with the electron beam
being turned off.10,35 The measured I–V curve and correlating TEM
images before and after DC set switching are provided in the
Supplementary Information (Supplementary Figure S1). The DC
switching behavior and associated structural change of the surround-
ing matrix observed in the control experiment (beam off condition)
was essentially identical to those observed in situ with the beam on; the
crystallization of the surrounding GST matrix is caused by heat
conduction from the active switching volume, not by electron
irradiation effects.
In cell B, the nucleation of crystalline phase occurred directly
without threshold switching. As shown in Figure 7 (see also
Supplementary Movie 2), the nucleation of crystalline phase occurred
at the hot spot above the TiN heater at a much lower voltage (0.97 V)
than the typical threshold voltage (~1.3 V). Note that the log-plotted
I–V curve of this cell showed a similar voltage dependency to that of
cell A in the amorphous-off regime, that is, initially lnIp
ﬃﬃﬃﬃ
V
p
and
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Figure 6 High-resolution transmission electron microscopy image of the crystalline phase. (a) High-resolution transmission electron microscopy image of the
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then ln I ∝V at higher voltages (Figure 7a). As soon as the nucleation
occurred in the active switching volume, the I–V curve slope deviates
from the ln I ∝V relationship and increases more steeply (from points
d to e in Figure 7b), entering the memory-switching regime. Although
the crystalline phase grew during memory switching (red arrows in
Figures 7d and e), the adjacent GST matrix also underwent structural
changes, indicating that the heat-affected zone in this cell extends
beyond the switching volume and induces substantial microstructural
changes in the surrounding matrix.
The size of crystalline phase (dcrystal) formed at different locations
was measured and plotted as a function of the applied voltage
(Figures 8a and b). The plot shows that the growth rate of the crystal
within the switching volume was much higher than that of other
crystals (Figure 8a). Careful measurements through TEM intensity
proﬁling reveal that this crystalline phase formed a few nanometers
away from the TiN heater/GST interface (Figures 8a and b). The
interface offset distance was 6 and 8 nm for samples A and B,
respectively.
PCRAM cells that undergo direct memory switching without
threshold switching become unstable at higher voltages. As repre-
sented by cell B, continued increases in DC voltage after memory
switching resulted in repeated current ﬂuctuations (maximum peak-
to-peak variation of ± 0.01mA, as shown in Figure 7b). The correlated
TEM movie demonstrates that this instability is caused by local
melting of the switching volume (Supplementary Movie 2). A void
was formed in the central region of the switching volume (yellow
arrow in Figure 7g) and was accompanied by an abrupt current drop
(~0.04mA) at ~ 1.39 V. At 1.46 V, a second current drop (~0.03mA)
occurred with complete failure of the remaining switching volume
(yellow arrow in Figure 7h). This result shows that the failure of the
GST switching volume occurs through a two-step void formation and
is probably due to phase separation in the molten GST under a high
current density.
FEM demonstrate that the different switching behaviors of the
PCRAM cells in these studies are most likely caused by different
extents of heat concentration/conduction, which are dependent upon
the GST matrix crystallinity. Figure 2c shows temperature maps
calculated with different GST matrix crystallinities, f. The results
clearly show that the Joule heat becomes more strongly conﬁned to the
switching volume as the crystallinity increases, resulting in a higher
Tmax in the switching volume (Figure 2c). This result indicates that at
a given DC voltage, the Tmax in cell B is always greater than that of cell
A, and thus the memory switching can occur at a lower voltage in cell
B (0.97 V) than in cell A (1.4 V). Figure 2d shows the temperature
proﬁles obtained along the vertical direction from the TiN/GST
interface to the top electrode (white dotted arrow in Figure 2c). The
Tmax of the switching volume can reach the melting temperature of
GST (Tm ~894 K
36) when f is greater than 0.6, suggesting that melting
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Figure 7 I–V characteristics and correlated microstructural evolutions of cell B. (a) I–V curve plotted in log-scale. The I–V curve is divided into three stages:
amorphous-off (0–0.97 V), memory switching (0.97–1.05 V) and failure (1.05–1.5 V). (b) Detailed view of the memory-switching and failure regimes of the I–V
curve outlined by red dotted line in a. (c-h) Transmission electron microscopy images corresponding to the points indicated in b. The stable crystalline phase
appeared at 0.97 V (point d) and grew (point e) in the hot spot of the switching volume. At 1.39 V (point g), a void appeared at the central region of the active
switching volume with a current drop of ~0.04mA. The second current drop occurred at 1.46 V with complete failure of the switching volume.
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and evaporation can occur in a switching volume that is surrounded
by a highly crystalline GST matrix.
When assessing the spatial distribution of temperature, Tmax
appears a few nanometers away from the TiN/GST interface in the
simulations (arrow in Figure 2d). This result is attributable to an
improved thermal conduction pathway through TiN that increases
local heat dissipation at the TiN/GST interface. This result agrees with
the preferential nucleation site determined by in situ TEM (Figure 8),
which is located ~ 6–8 nm above the interface. The heat-affected zone
extends beyond the hemispherical switching volume to ~ 40 nm. In
this region, temperature increases to well above the GST crystallization
temperature (Tg ~ 428 K
36), except when fo0.2. This result suggests
that the GST matrix in this region is subject to microstructural
changes, such as the nucleation (as observed in cell A) and/or the grain
growth of crystalline phase (cell B), which in turn affect the heat
conﬁnement in the switching volume.
The two-step void formation can be accounted for by the phase-
separation (or mass-redistribution) model of GST. According to
previous studies, the atomic migration activating in GST are depen-
dent on temperature, current density and material state, which results
in phase separation into different end products at different locations.37
Based on our real-time observations, we propose a model for the two-
step void formation, schematically illustrated in Figure 9. First, we
ensured that the observed two-step void formation took place in the
‘molten state’ of GST (Figure 9a). This hypothesis is supported by
direct TEM observation of the constant ﬂuctuation of diffraction
Phase separation
1st void formation
TE (+)
BEC
(-)
Atomic migration
Sb TeGe
Sb-richMolten GST
Void
2nd void formation
Melting
Void
Figure 9 A model proposed for the failure of phase-change random access memory by two-step void formation. (a) Melting of Ge–Sb–Te in the active
switching volume encompassed by a high-crystalline Ge–Sb–Te. (b) Mass redistribution in the Ge–Sb–Te melt driven primarily by electrostatic forces, which
results in phase separation. Among the constituent elements, Sb ions migrate toward the bottom electrode contact (BEC) much faster than the other ions. (c)
Formation of a Sb-rich phase near the BEC. (d) First void formation at the central region (corresponding to the hottest spot) by the preferential evaporation of
the Sb-rich phase. (e) Second void formation of the remaining Ge–Sb–Te melt leading to complete mass loss of the switching volume.
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proﬁling of the transmission electron microscopy images to be ~6 and ~8 nm for cells A and B, respectively.
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contrast, indicating GST melting (Supplementary Movie 2) and by
FEM showing that temperature increases to above the melting point
(Figure 2). The current density at which the void formation took place
was on the order of 106 A cm− 2. Therefore, atomic migration under
such a high current density is primarily driven by the ‘electrostatic
force’ acting on the constituent elements of molten GST, which results
in the formation of a Sb-rich phase near the bottom electrode contact
(BEC). The average value of DZ* (D is the diffusion coefﬁcient and Z*
is the effective charge number) of Ge, Sb and Te are calculated to be
1.13, 1.98, and − 1.17× 10 cm2 s− 1, thus, the diffusion velocity of Sb is
~ 1.7 times faster than those of Ge and Te in molten GST9 (Figure 9b).
If the atomic migration was driven by the wind force of charge
carriers, all elements of GST would migrate in the same direction.9
Given that the diffusion of Sb ions is much faster than that of Ge ions,
the Sb-rich phase that forms near the BEC (Figure 9c) probably has a
lower evaporation temperature or equivalently higher equilibrium
vapor pressure than that of the Te-rich phase. In the Ge-Te-Sb ternary
phase diagram, a Sb-rich phase has a lower melting point,38,39 so that
its equilibrium vapor pressure is likely to be higher than that of the
Te-rich phase. Moreover, the temperature proﬁle shows that the
temperature where the Sb-rich phase is located near the BEC (that is,
hot spot) is much higher than that of the Te-rich phase. All of these
considerations favor the formation and preferential evaporation of the
Sb-rich phase near the BEC (Figure 9d). Then, the remaining region of
switching volume undergoes evaporation with increased voltage, and
the cell fails completely (Figure 9e).
CONCLUSIONS
In summary, direct observations of the DC set switching process and
the supporting FEM simulations on temperature distribution demon-
strate that the crystallinity of surrounding GST matrix inﬂuences the
heat distribution in the active switching volume of vertical PCRAM
cells. The FEM calculations show that at a given DC voltage, the
temperature of active switching volume increases with the surrounding
GST matrix crystallinity. The microstructure of GST matrix is
continuously evolving during the set and reset switching because of
heat conduction from the active switching volume. The FEM predicts
that the heat-affected zone extends to ~ 40 nm from the boundary of
the switching volume. In the case of a highly crystallized GST matrix,
the temperature increases to above the melting point of GST, which
leads to device failure via two-step void formation due to phase
separation that is accelerated by atomic migration in molten GST. The
present results contribute to the current understanding on inconsistent
switching and long-term reliability of PCRAM cells and provide useful
information for optimizing the design of future PCRAM devices. For
example, in vertical PCRAM cell designs one has to consider a way to
suppress heat conduction to minimize microstructural changes in the
GST matrix surrounding the active switching volume.
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